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Abstrat
In this work, we suggest a view-point that leads to an intrinsi mass sale in
Quantum Field Theories.This view-point is fairly independent of dynamial details
of a QFT and does not rely on any partiular framework to go beyond the standard
Model.We use the setting of the nonloal quantum eld theories [NLQFT℄ with a
nite sale parameter Λ, whih are unitary for nite Λ. We propose that the
ondition 0 < Z < 1 [wherever proven℄ an be rigorously implemented/imposed
in suh theories and that it implies the existene of a mass sale Λ that an
be determined from this ondition. We derive the nonloal analogue of the above
relation [whih is a nite relation in NLQFT℄ and demonstrate that it an be arrived
at only from general priniples. We further propose that the nonloal formulation
should be looked as an eetive eld theory that inorporates the eet of dynamis
beyond an energy sale and whih breaks at the intrinsi sale Λ so obtained.
Beyond this sale it should be replaed by another [perhaps, a more fundamental℄
theory. We provide a heuristi justiation for this view-point.
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1 INTRODUCTION
Forthoming data from aelerators will enable one to aess energies in the TeV
region and will ,in addition, to testing the Standard Model ,enable to disover Physis at
the higher energy sales of TeV and beyond.There are a number of models whih predit
new Physis beyond the Standard Model. These are based on various shemes of Grand
Uniation/intermediate sale uniation as well as models based on Supersymmetry and
superstrings.These works and reent works involving higher dimensions predit sales of
energies at whih new Physis would emerge.These mass sales depend, naturally, on the
dynamial details of the models.In this work,we wish to suggest a view-point, based solely on
a given Quantum eld theory used for desribing physial proesses at present energies.We
wish to suggest that an intrinsi sale exists in a Quantum Field Theory and that it an lead
to testable onsequenes in the near future.A view point, similar to this, but based on the
understanding of the renormalization program,has also been suggested in Ref.12.This view-
point is likely to be of a general use without spei referene to a model used to predit
physis beyond the Standard Model.
The presently suessful theory of strong, eletromagneti and weak interations, viz. the
standard model (SM) is a Loal Quantum Field Theory (LQFT) [1℄. Loal Quantum Field
Theory alulations, when done perturbatively are generally plagued with divergenes and
this ertainly holds for the SM alulations [2℄. The initial suesses of the rst LQFT viz.
Quantum eletrodynamis (QED) were based upon the renormalization program initiated
by Feynman, Shwinger, Tomonaga and developed to a general form by Dyson [3℄. This
program gives an elaborate proedure for dealing with divergenes in LQFT. When this
proedure is followed order by order in perturbation theory, it was demonstrated that all
the divergenes in the theory ould be absorbed in the denitions of renormalized elds and
parameters as related to the unrenormalized ones. These relations were obtained by impos-
ing by hand "renormalization presriptions" on the 1PI (proper) verties whih amounted to
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giving by hand (i.e., from experiment) the physial masses and ouplings (and other unphys-
ial parameters) then the renormalized S-matrix was indeed nite in terms of these. This
proedure was highly suessful for QED and more so for the further development of Stan-
dard Model [2℄. It also yielded many results based on renormalization group equations and
Callan-Symanzik equation [4℄.
The renormalization proedure, despite several initial misgivings, ame to be regarded as
an essential established part of LQFT primarily due to the suesses of renormalized LQFT
in partile physis. However, as any text book disussion shows, the treatment of divergenes
in perturbation theory is highly suspiious from the point of view of mathematial rigor [See
e.g. Ref.2℄.
Denition of the innite Feynman integrals involved requires a regularization. A regu-
larization suh as Pauli-Villars violates unitarity for any nite ut o [5℄, whih is reovered
only as Λ -> ∞. Further in a alulation to any nite order of perturbation theory one
makes mathematially unjustied trunations. Thus, in a Pauli-Villars regularization, if
Z = 1 + a g
2
ln Λ2 +O(g4) (1.1)
Z
−1
is trunated to
Z
−1
= 1 - a g
2
ln Λ2 +O(g4) (1.2)
whih is mathematially invalid even for nite (but large enough) Λ. Similar trunations
are made in any regularization. Thus one does not have, in the onventional renormalization
of LQFT proedure, unitarity and mathematial onsisteny for any nite (but large enough)
Λ. Further, the relation(s)suh as 0 < Z < 1 for the wavefuntion renormalizations (wherever
appliable) obtained from LSZ formulation without reourse to perturbation proedure [6℄
have to be ignored in these proedures as Z turns out to diverge in perturbation theory
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[6℄. Despite these mathematial shortoming the renormalization program has sueeded
exeedingly well.
Sine early days, one has felt that it may be possible to ure the proedure of
these shortomings; but it has not been possible. However, now nonloal formulations of
eld theories (NLQFT) are possible [7,8℄ in whih the theories have a nite sale Λ and are
nite (with Λ nite), unitary and ausal for nite Λ. We nd it onvenient to use suh a
formulation as the bakground for our line of reasoning. In suh formulations, gauge (and
other symmetries) an also be preserved, in a generalized (nonloal) form [8℄. They also
admit results of renormalization group at nite Λ. One an look upon these formulations
in two possible ways: (i) as a new nonloal regularization sheme, an augmentation of the
available regularization and renormalization proedures or (ii) as theories in whih Λ having
a xed nite value serves as the underlying (possibly eetive) theory itself. This latter
view point has been proposed originally [in some form℄ in Ref.7, stressed also in ref.8 and
has also been extended and followed up in Ref. 9 and 12. In these theories, all alulations
are (stritly) nite and (nite) renormalization proedure is needed only for organization
of alulations to a given order. We wish to work in the ontext of suh a theory with a
nite Λ. We wish to demonstrate that in suh formulations, the mathematial onsisteny
requirements and the relation 0 < Z < 1 an in fat be implemented literally and nontrivial
onlusions an be drawn from it, whih would not be possible in the usual formulation of
the renormalization proedure. This approah has, in fat, also been able to explain where
and why the usual renormalization proedure works [12℄.
We outline the approah(es) we want to adopt. We suppose that the partile physis
theories are in fat desribed by a nonloal ation of the type proposed in Ref. [8℄ with a
nite parameter Λ present in it. Presene of suh a parameter an be looked upon in two
ways [9℄; and we shall disuss our results in the ontext of both. In the rst approah we
may regard 1/Λ as the sale of nonloality arising possibly from a fundamental length sale
already existing in nature. In this approah, the NLQFT is an exat theory valid to all
energies. In the seond approah, whih is probably more plausible, the nonloal theory
is looked upon an eetive eld theory valid upto a ertain energy sale (dependent on Λ)
4
and beyond this sale, the theory would have to be replaed by another NLQFT of a more
fundamental nature. We elaborate on and justify this view further in Se.3.
We summarize the plan of the paper. In setion II, we briey introdue the nonloal
quantum eld theories of Ref. [7,8℄ whih we use as the base for our arguments. We
also formulate our interpretation of these theories useful in this work. In Se III, we deal
with the relation 0 < Z < 1, and show that this an be implemented in perturbation theory
meaningfully and show it also implies the existene of a mass sale by itself. We also give here
a simple derivation of the analogous relation in NLQFT. We suggest an the interpretation
of NLQFT's and oer a justiation for this view-point. We make tentative alulations to
show how we an arrive at mass sale Λ. We onlude that we may end up with a sale
whose eets may be testable experimentally in near future. Moreover, with this mass sale,
the usual perturbative manipulations suh as those in (1.1)-(1.2) may also turn out to be
mathematially rigorous[12℄.It is possible that models based on non-ommutative geometry
[whih also involves a sale℄ ould lead to a similar result, if they ould be developed to the
same degree as the nonloal eld theories[13℄.
2 Nonloal Quantum Field Theories (NLQFT) and their physial interpretation
In this setion, we shall introdue the way of formulating nonloal quantum eld theories
given in referene 8 with the help of φ4 theory and elaborate on physial interpretations we
wish to assoiate with it.
2.1 Nonloal φ4 theory
Consider a loal theory with the ation written as a sum of the free and interating
parts
S[φ℄ = 1
2
∑
φ
∫
d4x { φFφ +I[φ]} (2.1)
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where ϕ represents the elds (fermioni, bosoni) of the theory with the appropriate
spaetime and internal symmetry group indies. F is the 'kineti' operator for the eld ϕ
and I[ϕ℄ is the interation part of S[ϕ℄. For the φ4 theory,
F = (-∂2 - µ2) (2.2)
and
I[φ]}= ∫ d4xλ
4
φ4 (2.3)
Nonloalization of S[ϕ℄ is arried out using a 'smearing' operator dened in terms of the
kineti operator F of the theory as
ε = exp[ F
2Λ2
] (2.4)
Λ is the sale of nonloality. With the help of the smearing operator, we dene a smeared
eld by
φ̂ = ε−1φ (2.5)
Next, for every eld ϕ we introdue an auxiliary 'shadow' eld ϕsh of the same type as ϕ
whih ouples to ϕ through an auxiliary ation S given by
S [φ, φsh] = 1
2
∑
φ
∫
d4x { φ̂F φ̂ +φshϑ−1φsh+I[φ+ φsh]} (2.6)
where ϑis the 'shadow' kineti operator dened as
ϑ=(ε2 - 1)F−1 (2.7)
The ation for the nonloalized theory Ŝ[φ] is then dened by
Ŝ[φ]=S[φ, φsh(φ)] (2.8)
where ϕsh[ϕ℄ is the solution of the lassial shadow eld equation
6
δS
δφsh
[φ, φsh ℄=0 (2.9)
Quantization is arried out in the path integral formulation. The quantization rule is given
by
<T*(O[φ]) >=
∫
Dφµ[φ]O[φ̂] exp [iŜ[φ]] (2.10)
These theories are known to be unitary even for nite Λ, and ausal1 [8℄. In suh formulations,
gauge and other symmetries an be preserved in a generalized nonloal form [8℄. They
also admit results on renormalization group at nite Λ [8℄. These formulations have been
proposed as regularizations of eld theories for Λ>∞. More importantly, there are alternate
interpretations for theories with a nite Λ; these have already been expressed in Setion I
and will be the ones that interest us in this work.
3 INTERPRETATION OF 0 < Z < 1 RELATION IN NLQFT's
In this setion, we wish to rst of all point out that the relation implied by the LSZ theory[11℄,
viz. 0 < Z < 1 [wherever suh a relation an be formulated℄, an in fat be implemented in
perturbation theory ontrary to what has beome the prevalent belief; and further that it
an, in fat, have an interesting interpretation for the sale of validity of a partiular loal
Quantum Field Theory formulation as a physially viable theory. [We note here that Z is
the wavefuntion renormalization on mass shell and has no ambiguity about it.℄
The relation 0 < Z < 1 has a simple physial interpretation; in that Z relates to the probability
that the state reated by the Quantum Field operator ϕ(x) | 0> ontains in it the single
partile states.In a free eld theory, we expet none but the single partile states in ϕ(x) |0>
and hene, Z = 1.As a result of interation, multipartile states beome possible and the net
probability of single partile states in ϕ(x) | 0> diminishes.Of ourse, we never expet this
probability to be negative; hene 0 < Z.The relation
1 = Z +
∫∞
m2
1
ρ(σ2)dσ2
1
They have very weak violations of ausality.
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is the partition of the total probability into quantities related to the single partile and
the multipartile sattering states.
In QFT ,this physial interpretation does not seem viable beause
∫∞
m2
1
ρ(σ2)dσ2
diverges in perturbation theory and onsequently Z >∞.This ,of ourse, looks a suspet
situation for QFT ;but when the renormalization proedure was advaned and shown to
work extremely well theoretially and to lead to aurately veriable experimental results
[2℄, physiists developed faith in it and found it unavoidable to ignore this relation for Z. It
has been believed that we need not take this relation seriously in perturbatively, though it
might hold nonperturbatively.
We wish to propose that the relation 0 < Z < 1 [wherever proven℄ an, in fat, be
implemented in perturbation theory in NLQFT's; have the physial meaning it is said to
have in the earlier part of this setion and at the same time preserve the advantages of the
standard renormalization program[12℄ .[In other words, the proposal here does not lash in
any way with the standard renormalization program but supplements it.℄ It is but natural
that the implementation of [an extra ℄ relation an lead to a new physial output and we
shall propose one in this setion: An energy sale !
We nd it fruitful to ombine the last interpretation of the NLQFT's given in
the introdution and the relation 0 < Z < 1.This interpretation, briey mentioned in the
introdution is reiterated below:
Today we have ome to regard a QFT desribing physis as an eetive eld theory
arising from a substruture that may beome visible at a muh higher energy sale. Let us
say that this energy sale is Λ beyond whih physis should be desribed by a substruture
given in terms of a dierent QFT (valid possibly upto a yet larger sale). We expet that
the eetive eld theory arising out this high energy QFT should ontain the sale Λ in some
manner. Here we make a onrete suggestion that this eetive theory is in fat the non-loal
type theory NLQFT.
8
Thus, for example, nonloalized version of the Standard Model with a sale Λ (and not
the loal version) is being understood as the eetive eld theory whih should break down
beyond sale Λ. We wish to propose that the knowledge of the sale Λ is in fat ontained in
the NL formulation of the model and that it is retrieved via the relation (3.1) an analogue
of 0 < Z < 1 (where possible) implemented in perturbation theory.
To be onrete, we shall prove the relation :
X( Λ2)= Z +
∫∞
m2
1
ρ(σ2,Λ2, m2, λ)dσ2 (3.1)
where X( Λ2) > 1 as Λ2> ∞. We shall give a brief derivation for this relation
and demonstrate that , in fat, the derivation an be based on general priniples only and
without the need for disussion on how the nonloal theory has to be quantized.The derivation
proeeds more or less along the lines of the orresponding derivation for the loal QFT's;
as for example done in [6℄ .We shall extensively draw upon it and point out the essential
modiations nonloality makes. As is usual for a LSZ derivation, we shall assume Lorentz
ovariane, existene of 4-momentum operators [translational invariane℄, positivity of the
spetrum for P0, and ompleteness of the sattering states whih are eigenstates of the
momentum 4-vetor: all this we expet in spite of nonloality. Following [6℄ we onsider <0|
φ(x)φ(y) |0> and expand in the basis of the omplete set of the sattering states that are
eigenstates of Pµ with eigenvalue pnµ
.Then use of translational invariane allows us to write
<0|φ(x)|n> = exp(-ip
n
.x) <0|φ(0)|n>, we an write [6℄
<0 |φ(x)φ(y) |0> = 1
(2pi)3
∫
d
4q ρ(q) exp {-iq.(x-y)} (3.2)
with
ρ(q) ≡(2pi)3∑
n
δ4(p
n
-q) |<0|φ(x)|n>|2 (3.3)
The quantity ρ(q) is now modied as |<0|φ(x)|n>| will be modied by nonloalization;
and in fat it will be damped out for large p
2
n
. As in loal theory,Lorentz ovariane and
positivity of spetrum of P0 implies
ρ(q) =ρ(q2,Λ2) θ(q0). (3.4)
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Then (3 .2)(3.4) allow us to write
∆'(x-y) = -i<0|[ φ(x),φ(y)℄ |0> = −i
(2pi)3
∫
d
4q ρ(q2,Λ2) [exp {-iq.(x-y)}- exp {iq.(x-y)}℄
=
∫
dσ2 ρ(σ2,Λ2)
∫
d
4q −i
(2pi)3
δ(σ2-q2)[exp {-iq.(x-y)}- exp {iq.(x-y)}℄ (3.5a)
≡∫ dσ2 ρ(σ2,Λ2)∆(x-y,σ2) (3.5b)
where ∆(x-y,σ2) is the orresponding quantity assoiated with the loal free eld theory
of mass σ.We now dierentiate (3.5b) with respet to x0 and use the identity
∂
∂x0
∆(x-y)‖
x0=y0
= - δ3(x− y) (3.6)
to obtain
∂
∂x0
∆'(x-y)‖
x0=y0
=
∫∞
0
dσ2 ρ(σ2,Λ2) δ3(x− y)
≡X[Λ2,m2 ℄δ3(x− y) (3.7)
Here, for a nite Λ2, X[Λ2,m2 ℄ is a nite quantity. Moreover,we know that in the loal
limit, X[Λ2,m2 ℄→ 12.Further , Lorentz ovariane alone ditates that, for a single partile
state |p>, <0|φ(0)|p> must be of the form [reall that with the present normalization,
√
2ωp
|p> is a ovariant state, and the only Lorentz invariant possible is p
2
= m
2
= onstant℄
<0|φ(0)|p> = 1√
(2pi)32ωp
x (a onstant) ≡
√
Z′√
(2pi)32ωp
(3.8)
On aount of the assumed spetrum of sattering states, ρ(σ2,Λ2)=0 , 0<σ2 < m2. Fur-
ther, in
X[Λ2,m2 ℄=
∫∞
0
dσ2 ρ(σ2,Λ2) (3.9)
We an evaluate the single partile ontribution using (3 .8) as is done in the loal ase
to obtain
ρ(σ2,Λ2) = Z'δ(σ2-m2) + ontribution oming from σ2 > m2. (3.10)
This leads us to
3
X[Λ2,m2 ℄=Z +
∫
m2
∞
dσ2 ρ(σ2,Λ2) (3.11)
with the onstraint X[Λ2,m2 ℄→ 1.
2
This information is all that we need (and have to demand) about the nonloal theory: we an do away with details of how
the theory is quantized for the present purpose.
3
An analogous exerise arried out for <0| T{φ(x)φ(y)}|0> as in ref.6 allows one to identify Z' with the on-shell renormal-
ization onstant.
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We now propose a purely theoretial riterion for determining the maximum allowed value
for Λ. We shall soon argue below as to how it is highly plausible. We require that for a given
QFT with given parameters,(an estimate of )the maximum value of Λ at whih the theory
should break down as an eetive theory is preisely the one at whih Z in (3.11) beomes
zero. Unlike the usual assumptions about the QFT, we do not assume that the theory holds
beyond sale Λ and we do not allow for the possibility that Z an be negative. We shall
now present a heuristi argument to show why this piture is highly plausible.We do it with
the help of a simple model.Let us imagine that at low energies [E <<E0℄ ,physis is desribed
by the salar eld theory presented here;and that the salar is a bound state of a fermion-
antifermion pair [ψ,ψ℄.At high energies [E>>E0℄, we expet the theory to be replaed by a
QFT of ψ's. We onsider the omposite operator ψ(x)ψ(x) as the interpolating eld operator
for φ.We now onsider ψ(0)ψ(0) |0> for both E <<E0 and E>>E0.
ψ(0)ψ(0) |0> =
∑
n
an |n,pn >; for E <<E0 (3.12a)
ψ(0)ψ(0) |0> =
∑
n
an' |n,pn >' ;for E>>E0 (3.12b)
In (3.12a), the states |n,pn > refer to the eigenstates of the momentum operator that
inlude the single salar partile states and the states orresponding to the sattering of
salars , whereas in (3.12b), |n,pn >' inludes these (diretly or indiretly) and all possible
states ontaining fermions and antifermions and these inlude sattering states of these.
Clearly, (3.12b) ontains too many more states [ more hannels open up, this inludes eets
of muh more phase spae℄ than (3.12a). So the relative probability for nding a single salar
partile state in suh an expansion, whih is related to Z in the salar theory, has a sudden
fall around E=E0. We should thus expet that Z in the salar theory should fall
4
to a small
value around E=E0 where the eetive theory should be replaed by a more fundamental
fermion theory
5
.
4
We are using the full fermion theory to argue this out; however, we may expet a similar onlusion to hold qualitatively in
the eetive theory.
5
We assume that this fermion theory in turn is a NLQFT with a higher parameter Λ' >>Λ;so that suh probabilities ontinue
to be well-dened in perturbation theory.
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We, thus, expet a ondition of the "form":
λ
16pi2
ln Λ
2
m2
< 1 (3.13)
This yields, (without worrying about exat oeients in (3.13) )
Λmax = m exp { 8 pi
2
/ λ}
For m = 1 GeV, and λ/16 pi2 = 0.05 [0.01℄ we obtain:
Λmax = 22 TeV [ 10
18
TeV℄.
Of ourse, the atual numbers are sensitive to the oeient in (3.13) and to the value of λ
in a given theory;however we may expet abound that is testable in near future.
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